The newly reported exotic signal Zc(4100) by the LHCb Collaboration in the invariant mass spectrum of ηcπ − in B 0 → ηcK + π − has been a new experimental evidence for an exotic meson containing four constituent quarks. Although the present experimental information is very limited, we show that its correlations with some existing exotic candidates can be recognized. This signal can be either caused by final state interaction effects or a P -wave resonance state arising from the D * D * interaction. For the latter option its neutral partner will have exotic quantum numbers of
The newly reported exotic signal Zc(4100) by the LHCb Collaboration in the invariant mass spectrum of ηcπ − in B 0 → ηcK + π − has been a new experimental evidence for an exotic meson containing four constituent quarks. Although the present experimental information is very limited, we show that its correlations with some existing exotic candidates can be recognized. This signal can be either caused by final state interaction effects or a P -wave resonance state arising from the D * D * interaction. For the latter option its neutral partner will have exotic quantum numbers of I G (J P C ) = 1 − (1 −+ ). This signal, if confirmed, would provide important clues for dynamics for producing multiquark systems in B meson decays and e + e − annihilations. 
I. BACKGROUND
During the past decade there have been a sizeable number of new hadron states observed in experiment. Some of these states have been ideal candidates for QCD exotic hadrons and they have motivated a lot of theoretical and further experimental studies of their internal structures. In particular, the observations of a series of charged heavy quarkonium states [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] have initiated tremendous efforts on decoding their structures and underlying dynamics (see several recent reviews on the relevant theoretical and experimental progresses [12] [13] [14] [15] [16] [17] ).
The decay process B 0 → η c K + π − was recently published by the LHCb Collaboration as the first measurement [18] . An enhancement with a mass of 4096 ± 20 +18 −22 MeV and a width of 152 ± 58 +60 −35 MeV is found in the invariant mass spectrum of η c π − . The significance of this signal is about three standard deviations which is not strong enough for a conclusion, but is interesting for exploring possible implications arising from such a phenomenon. The advantage of heavy hadron weak decays is that it can access various quantum numbers and multiquark combinations in the final state. In the case of B 0 → η c K + π − the main quasi-two-body decay actually is B 0 → η c K * 0 as shown by the detailed analysis [18] . Here, K * 0 denotes excited kaon resonances that can decay into K + π − . In contrast, any combination of η c K + or η c π − would signal evidences for exotic mesons. It should be noted that evidences for exotic candidates Z c (4430) and Z c (4200) have been reported by the Belle Collaboration in B 0 → J/ψK + π − in the invariant mass spectrum of J/ψπ − [19] . The Z c (4100) enhancement observed in the invariant mass spectrum of η c π − , if confirmed, would then provide very useful information for the multiquark dynamics.
At this moment there are questions raised by this possible exotic candidate. Firstly, why this state has a mass far higher than the thresholds of DD (∼ 3740 MeV)? Is it the ground state? Or is it a resonance state? If it is a resonance state, why the ground state, which is unlikely to be lower than the η c π threshold, has not been seen in the η c π invariant mass spectrum? Meanwhile, if indeed the Z c (4100) as an exotic state containing four quarks does exist, one would have to consider its relation with the better established Z c (3900) and Z c (4020). In particular, their productions in B meson decays and their relations with Z c (4100) and other reported charged charmonium-like states should be investigated. In principle, these challenging questions should be addressed by any proposal for its nature. In Ref. [20] it is proposed that Z c (4100) and Z c (4200) can be interpreted as hadro-quarkonium states. Further studies to either confirm or deny this signal in other processes will advance our understanding of the structures and production mechanisms for charmonium-like states in B meson decays.
In this work we try to address several crucial issues relevant to the understanding of the Z c (4100) signal. This will be useful for future experimental investigations. As follows, we first note several crucial issues that one should be aware of in Sec. II. We then propose an explanation for the Z c (4100) structure and discuss criteria for further experimental studies in Sec. III. A brief summary is presented in Sec. IV.
II. PUZZLES AND QUESTIONS

Quantum numbers and possible decay channels
The production of Z c (4100) in B 0 → η c K + π − is referred to the illustrative process of Fig. 1 as the leading production mechanism. Notice that the final statecd is initially in a color singlet. It means that the multi-quark state ccdū is produced by the strong interaction between two color singletscd and cū. The quantum numbers accessible for η c π − can be I G (J P ) = 1 − (0 + ) with an S-wave interaction or 1 − (1 − ) with a P -wave interaction. For this four-quark system it implies that the S-wave decay channels of Z c (4100
One also notices that the P -wave decay into χ c1 π − is also allowed. For J P = 1 − , its decays into χ c1 π − and J/ψa − 0 are via the S wave, while the decay channels of J/ψπ
0D * − and D * 0D− are via the P wave. In Table I we list the kinematically accessible decay channels for the charged Z c (4100) with these two most likely quantum numbers. We will discuss the neutral channels later. (4100) + are implicated. The abbreviations "HC" and "OC" denote hidden charm and open charm decays, respectively, while the short dash "-" means the corresponding decay channels are either non-existing or forbidden by the kinematics.
For J P = 0 + , the decay channels of pseudoscalar meson pairs (noted as "P P ") or vector meson pairs (noted as "VV") can be related to each other by the heavy quark spin symmetry (HQSS) which leads to BR(η c π − )/BR(J/ψρ) ≃ q(η c π)/3q(J/ψρ) ≃ 0.48. Also, the following branching ratio fractions can be expected:
, where q denotes the three-vector momenta for the final state meson in each channel in the Z c (4100) rest frame. These ratios suggest that the J/ψρ channel should also be an important decay channel for the Z c (4100) with J P = 0 + . This channel would be useful for further clarifying the property of this signal.
Note that for the J P = 0 + option, Z c (4100) can decay into χ c1 π via the P wave. In case that the HQSS is still reasonably respected, one may expect that BR(J/ψρ)/BR(χ c1 π) ≃ q(J/ψρ)/q(χ c1 π) 3 ≃ 2.8. It suggests that the signal for Z c (4100) in B 0 → χ c1 K + π − may provide a lower limit for the signal significance to be observed in experiment. In Ref. [9] two charged charmonium-like states were reported in the invariant mass spectrum of χ c1 π −316 −61 ) MeV. As shown by the analysis of Ref. [9] their total spin can be either 0 or 1 which result in insignificant differences in the fitting. This makes it quite possible that Z c (4100) and Z c (4051) are the same state. Although BaBar did not confirm these two states in their analysis [11] , the relatively low statistics in both analyses make it desirable to have improved analysis of this channel at LHCb. Also note that if the quantum numbers of J P = 1 − are favored for Z c (4100), the qualitative branching ratio fraction between the J/ψρ and χ c1 π channel will become BR(J/ψρ)/BR(χ c1 π) ≃ q(J/ψρ) 3 /q(χ c1 π) ≃ 0.48 because of the change of the partial waves in its decays as noted in Table I . Thus, a comparison between the J/ψρ and χ c1 π channels will be useful for establishing the quantum numbers of Z c (4100) if it does exist.
Furthermore, if the Z c (4100) does exist, one would have to consider its relation with the better established Z c (3900) and Z c (4020) in both B meson decays and e + e − annihilations. Note that the branching ratio [21] . Although there are still large uncertainties for unknown contributions to B 0 → η c K + π − which is estimated by the last error, it shows that the branching ratio for B 0 → η c K + π − turns out to be smaller than that for B 0 → J/ψK + π − . Then, the question is, Should one expect Z c (3900) and/or Z c (4020) to appear in the invariant mass spectrum of J/ψπ − in B 0 → J/ψK + π − ? In principle, the production mechanism for Z c (4100) in the B 0 decays should also work for Z c (3900) and Z c (4020). In the recent analysis by the D0 Collaboration [22] the channelB 0 → J/ψK − π + is investigated and no sign for the Z c (3900) appears in the invariant mass spectrum of J/ψπ + . Although the data show some structure around 4.0 ∼ 4.05 GeV and 4.15 ∼ 4.20 GeV, the low statistics do not allow any conclusion on their properties at all. However, it is interesting that the signals for Z c (3900) appear in semi-inclusive weak decays of b-flavored hadrons and strongly correlated with the production of Y (4260) as shown by the analysis of Ref. [22] . Actually, relatively higher statistics analysis ofB 0 → J/ψK − π + was given by the Belle Collaboration [19] . It was found in Ref. [19] that two charged charmonium states, Z c (4200) and Z c (4430), instead of Z c (3900) and Z c (4020), are needed in the invariant mass spectrum of J/ψπ + in the amplitude analysis. It seems that there is also no need for the Z c (4100) to be present in the J/ψπ + spectrum based on the present statistics. While such an observation may disfavor Z c (4100) to have J P = 1 − , it is also possible that the present statistics are not sufficient for singling out its signal.
Keeping the above observations and questions in mind, we try to propose a possible explanation for the observed Z c (4100).
III. A POSSIBLE EXPLANATION
It would be useful to take the relatively well-established Z c (3900) and Z c (4020) as a reference for understanding the Z c (4100) enhancement. In particular, the mass of Z c (4100) is relatively close to the threshold of D * D * in either an S or P wave. If we argue that so far not so many multiquark states have been observed in experiment, we then try to seek a rather normal interpretation for a signal like this.
Noticing that the mass of Z c (4100) is not far away from the D * D * threshold, it would be possible that the D * D * final state interactions can produce structures that may be visible in experiment. Such a mechanism is a rather common phenomenon in hadron-hadron interactions. With a strong attractive near-threshold S-wave interaction, a hadronic molecule state can even be dynamically generated, and experimental candidates include some of these recently observed so-called "XY Z" states. An up-to-date review of hadronic molecules can be found in Ref. [14] . In Fig. 2 a schematic We consider possibilities arising from such a rescattering phenomenon for these two possible quantum numbers, i.e.
A. J P = 0 + Taking the Z c (4020) as a reference, the D * D * interactions can be strongly repulsive if they couple into total spin 0 state [28] . This can be understood by the spin-flavor interactions between D * D * via pion exchange. The typical pion exchange potential involving the light quarks can be expressed as:
where σ 1 and σ 2 ( τ 1 and τ 2 ) are the spin (isospin) operators at the D * D * π andD * D * π vertices, respectively, which involves the light quark degrees of freedom. For the Z c (4020) as an S-wave D * D * hadronic molecule, the potential sign and relative strength is determined by
which means that the attractive potential for Z c (4020) with J P = 1 + would become repulsive for Z c (4100) with J P = 0 + (S wave) and 1 − (P wave) with total spin 0 (For the case of P wave with total spin 1 we will discuss it in the next subsection). The brackets mean to take the mean value of the pion exchange potential between the wavefunctions for the initial and final D * andD * states. Note that the interaction between the D * D * has the same order of magnitude as that for Z c (4020). The consequence is that such a repulsive interaction can possibly produce observable effects in its rescatterings into η c π − , DD, J/ψρ, and even D * D * . If this scenario follows, it suggests that the Z c (4100) enhancement is unlikely to be a genuine state, but rather likely to be a final state interaction effect.
The production of Z c (4100) in different processes can be prospected. In the hadronic molecular picture, the S-wave DD system is different from either DD * + c.c. or D * D * due to the absence of the long-range pion exchange potential between the D andD meson pair. However, a tetraquark state which can strongly couple to DD in an S wave is anticipated in the tetraquark model. In order to distinguish the final state rescattering effect from the tetraquark state, a measurement of the
The absence of the state with J P = 0 + near the DD threshold, but the presence of an enhancement near 4.1 GeV would be an evidence for the rescattering effect for D * D * → DD, instead of a genuine tetraquark state. Note that this channel has been measured by BaBar [23] with a branching ratio
. This branching ratio is compatible with
, it can be expected that the intermediate D * 0 D * − rescatterings into DD and η c π − final states can contribute to the branch ratios for these two channels. Although the detailed quantitative results need evaluations of the loop contributions, one can still gain a qualitative idea about their relative strength:
where g D * Dπ ≃ 5.96 and
constants that can be either determined by the experimental data or relations established based on the heavy quark spin symmetry [24] . At the threshold of D * D * , the ratio R ≃ 0.78 can be extracted. Note that the η c π channel will experience suppressions from the D meson propagator. It makes the DD interesting for the search for further evidences for Z c (4100).
Supposing the Z c (4100) originates from the P -wave D * D * interaction with I = 1, the most interesting implication of this possible assignment of quantum numbers is that its neutral partner can have J P C = 1 −± , in which the quantum number J P C = 1 −+ is for an exotic state beyond thescenario. Whether the neutral Z c (4100) 0 can decay into η c π 0 or not will determine its quantum number to be either J P C = 1 −− or 1 −+ . This can be regarded as an additional constraint on the nature of Z c (4100) enhancement. Therefore, a search for the Z c (4100) signal in the neutral decay channel, either η c π 0 or J/ψρ 0 will be helpful for clarifying its nature. A spin decomposition of the neutral D * D * in a P -wave can explicitly show the relative coupling strengths to the hidden charm decay channels:
|D * D * S=2
|D * D * S=1
Similar spin-decomposition studies can be found in Ref. [25] , and we follow the convention defined in Ref. [25] to note the spin of the final state heavy charmonium and the total angular momentum carried by the final-state light quarks as |s Q ⊗ s l , with s l = s q + l. Noticing that the configuration of |D * D * S=2 1 −− (Eq. (5)) does not contain η c π in the decomposition, it can be ruled out from the present observation.
For the S-wave coupling it has been recognized that the allowed quantum numbers for the neutral D * D * system can be J P C = 0 ++ , 1 +− , and 2 ++ . Given the long-range pion exchange potential, whether this system has an attractive or repulsive interaction would rely on their isospin quantum number in the flavor-spin coupling scenario. At this moment the only candidate for the S-wave D * D * threshold state is Z c (4020) observed in e + e − → h c ππ and D * D * π at BESIII, which belongs to the I G (J P C ) = 1 + (1 +− ) category. By assuming that the pion exchange potential provides an attractive interaction between D * D * to form Z c (4020), we deduce that the attractive potential has the sign determined by σ 1 · σ 2 τ 1 · τ 2 = (+1)(+1) = 1 [29] . This may lead to the formation of the resonance state with I = 1 and J P C = 1 −+ made of the P -wave neutral D * D * . It also implies that the configuration of Eq. (4) but with I = 0 could have attractive interactions, σ 1 · σ 2 τ 1 · τ 2 = (−3)(−3) = +9, to form a molecule-like state with J P C = 1 −− . This turns out to be a rather strong attraction and the state has the same quantum numbers as a vector charmonium state. This is consistent with the recent study of Ref. [25] , where the coupled-channel calculation indicates that the ψ(4040), which is assigned as a (3 1 S 1 ) state in the quark model, has a strong coupling to D * D * . Thus, its wavefunction can be affected strongly by the renormalization of the P -wave D * D * interaction.
IV. SUMMARY AND PROPECTS
As a brief summary for the possible assignments for Z c (4100), we propose that it could be a rescattering effect arising from an S-wave D * D * rescattering with I (G) (J P (C) ) = 1 (−) (0 +(+) ), which does not signal a genuine state. It is also possible that the structure corresponds to a resonance produced by the P -wave D * D * interaction of which the neutral partner has exotic quantum number I G (J P C ) = 1 − (1 −+ ). This can be regarded as an excited resonance state of Z c (4020). In contrast, the quantum number of I G (J P C ) = 1 + (1 −− ) is forbidden by the C parity. In order to further clarify the nature of Z c (4100) and search for evidences for other possible Z c states, we suggest a combined analysis of e + e − → DDπ, DDππ, and DDπππ at the resonance peaks, e.g. E c.m. = 4.43 and 4.66 GeV, can have direct access to I = 1 charmonium-like states with J P = 0 + , 1 − , 1 + , 2 + , etc. For the hidden charm decay channels, it is unlikely that a sizeable I = 1 amplitude can be directly produced by the electromagnetic (EM) current in the charmonium energy region, not mentioning that in such a case the cc created from the vacuum will be highly suppressed. Therefore, the production of the I = 1 charmonium-like states will always be associated by isovector states such as π or ρ mesons. With such a consideration, a combined analysis of the reaction channels, such as e + e − → J/ψππ, J/ψπππ, η c ππ, η c πππ, etc., should be very much useful. Meanwhile, the open charm reaction channels e + e − → ρDD, ρDD * + c.c., and ρD * D * , can serve as probing channels for the Z c states with the quantum numbers implied by the LHCb data. For the exotic states of J P C = 1 −+ a proposal for studying its nature in e + e − annihilations can be found in Ref. [27] , where the radiative transition channels of vector charmonia were proposed for further investigations. We anticipate that future data and analyses from LHCb, BESIII, and Belle-II can provide deeper insights into the nature of these charged charmonium-like states.
